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SUMMARY: The mitigation of external corrosion of energy pipelines by a combination of barrier 
coatings and Cathodic Protection (CP) is not always effective. Even when design specifications are 
properly met, the shielding of cathodic protection current from reaching steel surface by disbonded 
barrier coatings, often referred to as cathodic shielding, may lead to severe corrosion problems such as 
deep pitting, high and near neutral pH Stress Corrosion Cracking (SCC) and Microbiologically Induced 
Corrosion (MIC). Unfortunately, current indirect assessment methods used in the pipeline industry 
have serious difficulties in detecting such corrosion problems. This paper provides a brief review of 
current techniques and their limitations when being applied under complex buried pipeline 
environmental conditions. The main purpose is to identify potential methods that could be utilised in 
the design of new monitoring probes specific for the monitoring of cathodic shielding and corrosion of 
disbonded coatings in the pipeline industry.  
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1. INTRODUCTION  
Energy pipelines are usually constructed by steels such as X65 and X70. Although these steels possess many suitable 
materials properties such as low cost and high mechanical strength, they have an inherently low resistance against corrosion. 
Pipelines are usually buried in soil which is a complex corrosion environment where corrosion rates and patterns are 
affected by various factors such as the type of soil particle(1), the water saturation and retention of soil (2), the degree of 
soil moisture (1), oxygen level in soil (1), resistivity of soil (1), chemical composition and pH value of soil (3), the 
biological activity in soils (4). To protect pipeline from corrosion in soil, a combination of cathodic protection (CP) and 
barrier coatings is used. However, this protection system can fail due to various mechanisms such as cathodic shielding by 
disbonded coatings (5). Once the disbonded area between a coating and pipeline is formed, often due to the effects of CP 
induced local environments and CP shielding, the pipeline becomes susceptible to localized corrosion such as SCC (5-9), 
MIC (6, 10, 11) and pitting (12).  
The most common type of CP systems used for protecting buried pipelines are Impressed Current Cathodic Protection 
(ICCP) systems where a direct current power supply is used to polarize the pipe cathodically and protect it. The capacity of 
ICCP to supply high current densities makes these systems preferable for most underground pipeline applications. A 
detailed description of the system design can be found in “Pipeline Corrosion and Cathodic Protection” (13). According to 
the widely accepted design criteria NACE SP0169-2007 (14) and the Australian Standard AS 2832.1—2004 (15), the pipe 
must be polarized to at least a potential of   -850 mVCSE (Compensating IR drops). In addition, an instant OFF polarization 
of 100 mV against the depolarized status must be achieved. However in practice this standard protection potential may not 
be correctly applied due to various reasons such as stray current interferences. An excessively negative potential could lead 
to a number of problems including  hydrogen embrittlement (5) and the cathodic disbondment of the coatings. In order to 
help control these issues, as a bottom line of -1200 mVCSE is recommended (14-16). 
Insulating coatings are used in almost all pipes to reduce the requirements of the CP system. Since its introduction in the 
early 1980s the Fusion Bond Epoxy (FBE) was adopted as the main protective coating system for energy pipelines whether 
as a single layer system or as primer in a multilayer system (17). In multilayer systems FBE is most commonly combined 
with polypropylene (18), polyurethane (19) and polyethylene (17, 20-25) by coextrusion or using shrink tapes or jackets. 
Once the pipe is installed, the coating is attacked by water and soluble ions from in the surrounding soil. At the coating 
holidays, water, oxygen and ions can reach the steel/coating interface. At this point, the CP current will protect the steel, but 
could also promote oxygen reduction and the hydrogen evolution. Unfortunately, this will lead to increase in pH at the 
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metal/coating interface, which is believed to adversely affect the bond between the metal substrate and the protective 
coatings leading to a loss of adhesion (26, 27). The bond degradation mechanism is not clear although alkali reaction with 
the coating (Saponification) (28) and  solubilisation of a pre-existent oxide film at the metal-coating interface (26) are two 
of principal proposed mechanisms.  
When the coating gets disbonded from the steel, a gap is formed where the effectiveness of the cathodic protection is 
reduced due to the shielding properties of the coating. Under disbonded coatings, two different environments, potential 
precursors for SCC, were identified. One is characterized to be an anaerobic environment with pH values between 9 and 11 
and a potential range of -600 to -750mVSCE. The cracks found in this environment are intergranular with slight signs of 
corrosion on the metal surface. The other environment has pH values between 5.5 and 7.5 with dilute electrolytes containing 
CO2 resulting from biological activity (4). In this case, the cracks are transgranular with significant evidence of corrosion on 
the metal surface (29).  
2. LABORATORY METHODS FOR INVESTIGATING CATHODIC SHIELDING  
The interface between a disbonded coating and metal surface can be considered to be a crevice, the high resistivity of the 
solution and the small cross section in the crevice produce a high resistance path for the CP current. In consequence, a 
potential gradient is generated along the crevice that in some cases can lead to the shielding of the CP current. These 
potential gradients were experimentally measured by many authors by scanning the steel surface with a reference electrode 
(30, 31) or using several reference electrodes along the crevice (29, 32-37). For instance, Yan el al. (29) studied the 
possibility to achieve full protection by further increasing the CP, through the measurement of potential gradients, but it was 
found that the generated hydrogen bubbles block the CP current and further reduce the protection. It was observed that 
during the initial polarisation stage, the potentials inside the crevice tended to decrease; this change was faster at the 
locations near the holiday than at the disbondment front (29, 32-34). It is believed that this is due to an increase of the 
solution conductivity as a consequence of the OH
-
 and Fe
2+
 produced, and the subsequent transport of cations from the bulk 
solution to achieve electroneutrality. Evidence supporting this statement was provided by Yan (29) who analysed the 
solutions inside the crevices after preforming tests at different CP potentials and found an increase in the concentration of 
cations and a linear increase of conductivity with the potential applied. In addition, the oxygen values measured along the 
crevice showed an important decrease reaching undetectable values after a few days of exposure (32, 34), which could 
explain the reduction of the rate of change of conductivity after similar times. 
Experimental measurements of current density gradients along the crevice are scarcer in the literature. Chin et al. (37) used 
a circular Simulated Disbonded Coating (SDC) with a holiday in the centre, over a carbon steel plate with several 
microelectrodes placed at different distances from the holiday. They applied a fixed CP potential to the plate and the 
microelectrodes through independent circuits and recorded the CP current values. Li et al (33) also measured current 
gradients under a SDC using a segmented electrode interposing a Zero Resistance Ammeter (ZRA) between each segment 
and the rest of the specimen. In this way, he registered the current distribution using a single CP source. Brousseau et al. 
(38) also measured the current density profiles using solutions of different conductivity, but they did not specify the method 
adopted to perform the measurements. These studies all agree that the highest cathodic currents are registered at the 
Holiday. Inside the crevice the current values are reduced and anodic values were measured by Li et al (33) and Brousseau 
et al. (38). As the test progresses, the current registered at the holiday is reduced and the values under the SDC become 
more uniform (33). It was found that increasing the CP or the bulk solution conductivity produces an increment in the 
cathodic currents and its penetration into the crevice (33, 37, 38). No anodic currents were reported by Chin et al. (37). The 
author of the present work believes that the reason for this is the elimination of the contribution of the microcells present 
under the SDC due to their measurement method.  
Experimental measurements of pH gradients are also used as a research method. As was mentioned before, the increase of 
pH inside the crevice is a consequence of the oxygen reduction. SDC tests results with solutions based on neutral salts such 
as NaCl or Na2SO4, open to air and crevice aspect ratios between 340 and 370 show that the pH inside the crevice increases 
during the test reaching values between 9 and 12 depending on the CP potential applied (32, 34, 38). In general, pH 
increases faster at the holiday where the cathodic currents are larger. However, near constant values were observed at the 
steady state due to the OH
-
 diffusion. Perdomo et al. (35) showed that when the metallic surface was initially corroded ( 
forming -FeO(OH)), a marked reduction in the rate of increase of pH was observed.  
Yan et al. (29) performed SDC tests using a near neutral solution rich in HCO3
-
 and CO3
2-
 and constantly bubbling 95% N2 
+ 5% CO2 to study if the conditions for  both kinds of SCC were able to be developed in the crevice.  He found that in these 
conditions the pH remained near neutral for a CP potential of -850mVSCE, but increased when lower CP potentials were 
applied. Superposing the crevice tip potentials and pH values on the steel E-pH diagram, he showed that both kinds of SCC 
environments can be developed under disbonded coatings. Eslami et al. (30, 31) performed Slow Strain Rate Test (SSRT) 
of specimens with a SDC, on solutions containing HCO3
-
 and CO3
2-
 while bubbling 95% N2 + 5% CO2 and found evidence 
of near neutral SCC initiation.    
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Despite the extensive experimental research dedicated to understand the corrosion under disbonded coatings, no clear 
quantitative mechanistic understanding of the process was obtained yet. Many mathematical models were developed to 
assist this quest, providing a remarkable tool to quantitatively evaluate different mechanistic hypotheses. To model the 
potential and current distributions inside the crevice, two families of models were developed. The first is based on the 
Ohm’s Law (Laplace equation) to study how the resistance of the electrolyte shields the CP. Jack et al. (39) and Li et al. 
(33) showed that the analytical solution of the model can be used to fit the electrochemical potential experimental data with 
a good level of agreement. On the other hand, Li (33) showed a poor correlation between the analytical solution for the 
current profiles and their experimental results. He attributed this inconsistency to the influence of ion transport leading to 
higher current values than those predicted by the model. The other family of models is based on the Nernst-Plank equation 
to study the reactive transport of the ions inside the crevice (40-43). These models provide, additionally to current and 
potential profiles, the possibility to study the concentration gradients of the different species. Sridhar (42) used this 
approach and compared the model results to his and other author’s experimental values, showing that good agreement was 
generally observed. Song et al. (40, 41) further developed this model solving the governing equations using finite elements 
instead of finite differences and incorporating the capacity to study transient states (41) and variable crevice gap sizes with 
gas permeable coatings (40). While good correlation with the experimental results is generally observed, some 
inconsistencies show the necessity to further refine the assumptions used.  Particularly, it was observed that the net current 
density profile inside the crevice predicted by Song’s (41) model does not show anodic values when CP was applied while 
positive values of current inside the crevice were experimentally measured by Brousseau (38) and Li (33). 
3. INDUSTRY TECHNIQUES FOR ASSESSING CATHODIC DISBONDMENT AND CORROSION 
In the case of external corrosion, the direct assessment and hydrostatic testing of the pipe are the most reliable inspection 
techniques. The costs of executing both of these operations are significant and require to be carefully targeted to the most 
problematic areas, by indirect assessment methods, in order to be effective. Direct assessment requires digging up the whole 
section of the pipeline to perform direct observation of the coating and pipe status, and perform repairs if necessary (44, 
45). Hydrostatic testing is typically performed in pipelines suspected of SCC. And, in addition to digging up the inspected 
section, it is required to shut down the pipeline for a relatively long period of time (45). 
One of the indirect assessment methods to target section for direct assessment is pigging. Smart pigs are cylindrical Non 
Destructive Testing (NDT) tools that are inserted in the pipe and inspect it while being carried by the fluid flow. Many 
different NDT technologies are used for different particular cases. Magnetic flux leakage (45, 46) is one the most common, 
together with ultrasound (45), to detect changes in wall thickness owed to metal loss. To detect cracks, transverse magnetic 
flux leakage and special ultrasound pigs are also used (45). In addition, many other NDT techniques such as, remote field 
eddy currents (46), elastic waves (45) or electromagnetic acoustic transducers (EMAT) (47-49) are being developed to 
improve the detection capacity or reduce out of service periods. Particular interest must be paid to the EMAT technology 
due to its capacity to assess the coating condition and locate disbonded coatings areas, in addition to its SCC and metal loss 
detection capabilities. This technology uses coils to induce a variable magnetic field on the pipe wall that produces an 
ultrasonic mechanical wave on the material. Differences in the coating adhesion can be detected by changes in the acoustic 
impedance of the steel-coating interface. Also, different coating systems with different sound propagation velocities can be 
identified (47, 49).Unfortunately, the significant costs associated with these tools, limits their application (45). 
Other indirect assessment methods are the potential surveys such as the Close Interval Potential Surveys (CIPS) or the 
Direct Current Voltage Gradient (DCVG) surveys. The CIPS is a family of surveys that aim to assess the level of CP 
through the measurement of the potential difference between the pipe and reference electrode in contact with the soil at 
regular intervals. Their principal objective is to evaluate if the adopted CP criteria, like the NACE SP0169-2007 (14) is 
being satisfied in all the points along the pipe. In addition, they help to locate big defects in the coating, electrical insulation 
defects and stray currents sources. To evaluate the IR drop component of the measurements, GPS synchronized current 
interrupters are used to switch on and off each of the CP sources affecting the evaluated point. A detailed explanation of the 
survey procedure can be found elsewhere (44). The DCVG is another potential survey method that aims to detect defects in 
the coating. It can be performed simultaneously with the CIPS (hybrid surveys). Due to the lack of a coating acting as a 
barrier at the holiday locations, the protective current density increases. This method aims to detect the IR drop gradients 
produced for that uneven distribution of current. It is based on the measurement of the potential difference between two 
reference electrodes placed at a constant distance. Details of the survey procedure can be found elsewhere (50, 51). While 
these methods are very effective tools to locate coating defects, no general relation between the potentials measured and the 
defect size should be made.  The IR drop measured at each area is affected by many other factors beside the defect size, 
however relative comparison of the values within the same area has been proven useful to establish a priority order (51). 
Another important limitation of these surveys is that they cannot distinguish disbonded coatings from intact coatings. This is 
due to the fact that in the case of disbonded coatings, the protective current is shielded as in the case of intact coatings.  
Steel coupons (IR Coupons) buried next to the pipe and electrically connected to it are also used to assess the operation of 
the CP system. They can be easily disconnected from the CP, interposing a current interrupter, and the remainder IR drop 
can be eliminated placing a reference electrode next to the coupon.  They have been in use in Europe since the 1970’s with 
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very good results (50). However, these coupons simulate the bare metal exposed to the bulk soil at a coating holiday, giving 
no information on the rate of corrosion under disbonded coatings. 
4. CORROSION MONITORING PROBES  
The search for alternative monitoring approaches, other than inspection of the actual pipe, has been on-going for the last 30 
years. For example the use of specially designed probes to simulate the conditions occurring on the pipeline surface and 
measuring instantaneous corrosion rates has been deployed. Most of these probes were initially designed for other industrial 
environments and later modified to fulfil the requirements of the pipeline industry. Although many techniques are 
potentially available and capable of measuring corrosion rates in relatively short times, only a few of them are compatible 
with CP systems; the most relevant techniques will be discussed below.  
Electrical Resistance (ER) probes monitor the electrical resistance between the ends of an elongated coupon of constant 
cross-section subjected to the corrosive environment. Since the conductivity of the material changes with the temperature, 
the probe must have a compensation device in it. The sensibility of the sensor depends on the initial cross-section of the 
coupon. High sensitivity sensors capable of measuring corrosion rates of a few /year in hours were recently developed 
through metal vapour deposition by Li et al (52, 53). Unfortunately, the reduction of the cross section in the sensor also 
reduces its service life (44). Since this method is based on the detection of metal loss, the coupon can be electrically 
connected to the pipeline to simulate the bare metal exposed in a coating defect and disconnected for measurement, 
providing representative values under CP (52, 54). In addition, this method is independent of the medium resistivity, which 
promotes its application in many complex environments where electrochemical methods have difficulties. The main 
disadvantages of these probes are their low sensitivity and that accurate results are only achievable if the corrosion is 
uniformly distributed over the sensor surface. In the case of underground bare steels under CP, this is often not the case due 
to the localized attack forms promoted by its passivation. Nevertheless, thin multifilament sensors were developed in recent 
years to deal with this problem (53). 
Galvanic probes based on the pairs API Grade A steel – stainless steel 304 and API Grade A steel – copper were tested by 
Choi et al. (55-57). A linear relation between corrosion rates estimated by  the API Grade A steel – copper probe and those 
estimated by EIS and linear polarization resistance, in soils without CP, was found (56). Tests under CP in synthetic 
groundwater were also performed obtaining linear relations between the sensor and the CP current values (57). Although the 
results presented by Choi et al. seem to be promising, it has to be pointed out that the linear constants obtained changed 
according to the media resistivity (56). This means that, in order to translate the sensor readings to corrosion rates, the soil 
resistivity has to be known. 
Electrochemical Impedance Spectroscopy (EIS) uses a probe made of three identical electrodes. To perform the 
measurement, the working electrode is polarized against the reference by supplying current through the counter electrode. 
The working electrode is polarized following a sinusoidal wave of small amplitude (±20mV), with frequencies varying in a 
wide spectrum. The system’s response changes with the polarization frequency and in this way, information from electrolyte 
(High frequencies), charge transference controlled reactions (low frequencies) and diffusion controlled reactions (very low 
frequencies) can be obtained (58). The most used variation of this method for corrosion monitoring polarizes the working 
electrode around the Open Circuit Potential (OCP) to measure polarization resistance, Rp,  which can be related to the 
corrosion rate by the Stern-Geary constant (59). Nevertheless, this condition is not representative of the condition in 
pipelines. Jankowski (58) reviewed the subject and explained that when the electrode is under CP, the cathodic current is 
raised and the anodic current is reduced, making difficult to accurately determine the later component. Nevertheless, a 
method capable of measuring the corrosion rate under CP was developed by Juchniewicz and Jankowski (60) and tested 
with satisfactory results in soils (61). Although a key  disadvantage of this method according to Jankowski (58), is still that 
the Tafel slopes and the polarization potential are required for calculation of corrosion currents.  
In order to apparently overcome these problems, Jankowski developed the harmonic synthesis method which is based on the 
same probe as for EIS evaluation (58), however it works by exciting the working electrode potential in the non-linear range 
with a sinusoidal signal and measuring the generated currents at harmonic multiples of the excitation signal. Subsequently, 
the potential and harmonic current signals are used to reconstruct the polarization curve of the material under CP. This 
technique only requires prior knowledge of the soil resistivity to compensate IR drops. Good consistency with weight loss 
results was achieved in soils under CP with this method (61). However, no clear explanation of the benefits of harmonic 
synthesis with respect to DC methods was presented. In addition, the same author stated, in a related work (62), that no DC 
method developed to date could guarantee a fully correct evaluation of corrosion rates under polarized conditions. 
Other techniques such as the Wire Beam Electrode (WBE) and Couple Multielectrode Array Sensor (CMAS) simulate a 
corroding surface by a probe consisting of several externally interconnected electrodes. These techniques are especially 
suitable to monitor localised corrosion since the anodic or cathodic activity on each electrode can be independently 
measured. In addition, when a large number of closely packed small electrodes are used, high resolution maps of the 
electrochemical process can be obtained to study the mechanism of the corrosion process (63-65). The CMAS uses small 
fixed resistances between each electrode and one common terminal. The potential drops at each of these resistances can be 
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measured simultaneously by a multichannel high impedance voltmeter without interruption of any electrical connection (66, 
67). In this way, real time current distribution measurements can be performed (68-71). Although, several works have been 
published showing the CMAS capacity to detect localized corrosion even under CP (70, 71), the probes used showed 
serious design drawbacks, in particular the distance between electrodes was large, thus reducing the possible interaction 
between them. Moreover, the few electrodes used were not enough to produce reasonable definition current maps. In 
addition to these design drawbacks, the use of resistances on the CMAS probes generates concerns about the proper 
reproduction of the processes occurring on a single electrode.  In the WBE case, the external connections can be interrupted 
by a programmable switcher to interpose a zero resistance ammeter or a high impedance voltmeter and measure current or 
potential distributions among the electrodes (63-65, 72-74). In addition, the WBE is more versatile, allowing the use of 
more sophisticated electrochemical techniques. Although no literature which used the WBE to  perform measurements 
under CP was found, Wang et al. (73, 74) used the WBE under anodic polarization to study the eletrodeposition of 
polyaniline on aluminium. Both techniques are capable of measuring corrosion rates (assuming a Faradic process) through 
anodic currents (63). Nevertheless, these techniques are in their infancy and not yet accepted as online monitoring tools 
(75).  
Unfortunately, current corrosion monitoring probes only simulate bare metal exposed to the bulk soil  and cannot provide 
information on the corrosion under disbonded coatings. As explained by Song (76) in a recent paper, there is currently no 
technique capable of providing information of the effectiveness of the CP under disbonded coatings in the field. Some 
authors proposed the use of mathematical models to estimate the CP levels under these defects based on currently 
measurable parameters. Li et al. (16) used a model based on ohm’s law to estimate potential and current distribution profiles 
under a disbonded coating in anaerobic soils. Subsequently, they performed a statistical analysis, based on field data, to 
develop empirical formulas of pit growth rate and CP performance parameters under the disbonded area.  Song (76) took a 
similar approach and extended the model to include aerobic soils. There are still, however, many questions that need to be 
addressed before being able to employ these models in practice, principally due to the complexity and variability of soil 
properties. In addition, both models require information on bulk soil parameters, actual CP levels and assume a typical 
disbonded geometry to achieve meaningful results.  
5. CONCLUDING REMARKS 
Corrosion monitoring could provide additional information to better select the sections of the pipeline to be more 
thoroughly inspected. However, current monitoring probes have not been designed bearing in mind the conditions to which 
an underground cathodically protected structure will be subjected. The few available techniques compatible with CP only 
expose bare metal to the soil, and this is not representative of the nature of the most frequent defect type. As was discussed, 
the environment in the gap between the steel and a disbonded coating differs significantly from the bulk soil. In addition, 
the current level of understanding of this phenomenon is limited. Mathematical models are capable of predicting levels of 
CP along the disbonded area (or crevice), but no full explanation in terms of corrosion rates is yet available. Therefore, our 
current capacity to link the information collected with existing monitoring probes to the situation under disbonded coatings 
in the pipeline is extremely limited.  Furthermore, it has to be considered that, even if a full theoretical link were available, 
the dynamic nature of the many parameters involved reduces the confidence of this approach. 
This review thus shows the necessity to develop a new corrosion probe or sensor, specifically designed for underground 
cathodically protected structures. This new probe should properly mimic the full complexity of the corrosion under 
disbonded coatings and perform measurements without requiring external information such as Tafel slopes, soil resistivity, 
CP potential, or other. 
One of the main potential applications of this probe could be monitoring the CP effectiveness on disbonded coatings along 
the pipeline, especially between CP stations where attenuation of the protective potential is expected.  
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